The hybrid alkyl/cyclopentadienyl "constrained-geometry" proligands (Me3Si)2CH{SiMe2(C5H5)}, (Me3Si)2CH-{SiMe2(C5Me4H)} and (Me3Si)2CH{SiMe2(C5H4-3-SiMe3)} are synthesized by the reaction of the bromosilane (Me3Si)2CH(SiMe2Br) with the corresponding lithium cyclopentadienide. Metalation of these proligands with an excess of MeK gives access to the corresponding dipotassium salts
INTRODUCTION
Ligands in which a cyclopentadienyl moiety and an anionic donor fragment, such as an amide or phosphide group, are linked via a spacer group (e.g. SiMe2, CH2) into a single, dianionic unit (I), often referred to as "constrained geometry" ligands, are versatile supporting scaffolds in early transition metal and lanthanide chemistry. 1 Complexes of these ligands are well established as highly active catalysts for olefin polymerization and co-polymerization. 2 However, constrained geometry ligands in which a cyclopentadienyl group and a carbanion are linked into a single unit (II) are rather scarce.
3 This is particularly true for lanthanide complexes, where the few reported examples arise from C-H activation of the tBu or SiMe3 substituents of a cyclopentadienyl ligand, 4 or else the "carbanion" center forms part of a carborane cluster which is linked to the cyclopentadienyl ring. 5 Sterically-hindered ligand systems of this type are even more uncommon. The sole example of a sterically-demanding cyclopentadienyl/carbanion constrained geometry ligand, initially isolated as its di-lithium salt, [{(C5H4)SiMe2CH-(SiMe3)}Li2(tmeda)]2, was reported by Lappert and co-workers in 1998. 6 The potential utility of this class of bulky hybrid alkyl/cyclopentadienyl ligand was illustrated through the isolation of a small number of zirconium(IV) complexes and its use as a precursor to an aza-allyl ligand system. No further complexes or reactivity of this, or closely related systems have been reported, in spite of the potential for tuning their steric and electronic properties through substitution at both the cyclopentadienyl ring and carbanion centers.
In an effort to expand this range of ligands for the synthesis of coordinatively unsaturated lanthanide complexes we have begun to investigate more fully this class of sterically-demanding, hybrid alkyl/cyclopentadienyl ligands. We report herein the synthesis of several new examples of these ligand systems as their di-potassium salts and present their solid state structures.
RESULTS AND DISCUSSION
The reaction between the bromosilane (Me3Si)2CH(SiMe2Br) 7 and any of CpLi, [C5Me4H]Li or [(Me3Si)C5H4]Li in THF under reflux yields the corresponding substituted cyclopentadienes (Me3Si)2CH{SiMe2(C5H5)} (1a) (Me3Si)2CH{SiMe2(C5Me4H)} (1b) and (Me3Si)2CH{SiMe2-(C5H4-3-SiMe3)} (1c) (Scheme 1). Due to the poor nucleophilicity of the cyclopentadienyl anions, these reactions require several hours to reach completion.
Compounds 1a-c are isolated as colorless, viscous oils, although a single regioisomer of 1b may be crystallized from cold light petroleum as colorless plates. For 1c there is no evidence for the formation of the positional isomer (Me3Si)2CH-{SiMe2(C5H4-2-SiMe3)}, presumably as a result of the increased steric congestion that would arise in this compound. Nonetheless, the 1 H and 13 C{ 1 H} NMR spectra of 1a-c are complicated due to the presence of the three possible regioisomers in each case (four regioisomers in the case of 1c), due to the different possible positions of the double bonds in the cyclopentadiene moiety; this results in complex spectra with multiple, overlapping signals which are difficult to interpret. These spectra simplify considerably on metalation of the cyclopentadienyl ring and consequent removal of this isomerism.
Scheme 1.
In order that the impact of metalation on the core of the ligand might be determined, the X-ray crystal structure of 1b was obtained ( Figure 1 ). Attempted metalation of 1a-c with two equivalents of nBuLi, iPr2NLi or PhCH2K resulted in deprotonation only of the cyclopentadienyl rings in each case, as judged by NMR spectroscopy, leaving the central methine protons untouched, even when the reactions were heated under reflux for extended periods. However, use of the much more reactive MeK in large excess led to complete double deprotonation to give the corresponding dipotassium salts [(Me3Si)2C{SiMe2(C5H4)}]K2(OEt2)0.5 (2a), [(Me3Si)2C{SiMe2(C5Me4)}]K2(OEt2)0.5 (2b) and [(Me3Si)2C-{SiMe2(C5H3-3-SiMe3)}]K2(C6H6)0.5 (2c) as colorless to pale yellow sticky solids (Scheme 2). The use of a large excess of MeK is necessary in these reactions due to their rather sluggish nature and the competing reaction between MeK and the diethyl ether solvent.
The 1 H and 13 C{ 1 H} NMR spectra of 2a-c are consistent with the above formulations. Compounds 2a and 2b have limited solubility in benzene, but are soluble in THF, whereas 2b is soluble in both benzene and ethereal solvents. All three compounds 2a-c react rapidly with toluene to give benzylpotassium; similar reactivity was observed for the closely related [{(Me3Si)3C}K] (3). 8 We were unable to obtain single crystals of 2a suitable for Xray crystallography, but the solvates [(Me3Si)2C-{SiMe2(C5Me4)}]K2(OEt2) (2b.OEt2) and [[(Me3Si)2C{SiMe2-(C5H3-3-SiMe3)}]K2(C6H6)]2.2C6H6 (2c.C6H6) were obtained as colorless crystals in moderate yield on crystallization of 2b and 2c from diethyl ether and benzene, respectively.
Scheme 2.
Compound 2b.OEt2 crystallizes as zig-zag chains which contain two distinct potassium environments ( The CSi3 skeleton of the ligand is essentially planar (sum of Si-C-Si angles at C(12) = 359.75°) and the K(1A)-C(12)-K(2) angle is 175.03(7)°. This is reminiscent of the CSi3 skeleton and K-C-K angle in the linear polymeric 3 [sum of angles at C(1) = 360°, K-C(1)-K' angle 179.2(3)°]. 8 The K(2)-C(12A) and K (1) The solid-state structure of 2c.C6H6 consists of two slightly different polymeric chains, which are connected by a short K…Me(Si) contact between K(4) in one chain and C(17) in the other (Figure 3 ). The polymeric chain involving K(1) is similar to that in 2b.OEt2: K (1) is coordinated by the carbanion center and an  5 -cyclopentadienyl group of one dicarbanion ligand to generate a pseudo-four-membered chelate ring [C(1)-K(1)-ring centroid angle 88.325(4)°], along with an  6 -benzene molecule and two short K…Me contacts. In comparison, K(2) is coordinated by the carbanion center of one ligand and an  5 -cyclopentadienyl group of a second ligand, along with two short K…Me contacts. Thus, the central carbanion and cyclopentadienyl groups of each ligand bridge the two distinct potassium ions to form the polymer chain. In the second chain, K(3) is coordinated by an  5 -cyclopentadienyl group of one ligand, an  4 -benzene molecule, and a single short K…Me contact, but has no significant interaction with the carbanion center [K(3)…C(24) 3.7392(12) Å], i.e., this ligand does not chelate K(3). In contrast, K(4) is coordinated in a similar manner to K(2) in the first chain: by the carbanion center of one ligand and an  5 -cyclopentadienyl group of a second ligand, along with two short K…Me contacts. The reason for the different coordination of K(3) is unclear, but may be due to crystal packing effects. (7), K(1)…C (7) 
The K-C(carbanion) distances in 2c.C6H6 Given the difficulty of removing the methine protons from 1a-c, we sought an alternative ligand system that would undergo double deprotonation under milder conditions. Over the last decade we and others have developed phosphine-boranestabilized carbanions as a new class of ligand for s-, p-and fblock metal centers.
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The precursor phosphine-boranes R2CHPR2(BH3) typically undergo alpha-deprotonation readily, usually upon treatment with nBuLi or PhCH2K. We therefore posited that a ligand containing linked cyclopentadienyl and phosphine-borane units would undergo facile deprotonation to the corresponding dianion, and so sought to prepare such a precursor.
The reaction between in situ-prepared [(Me3Si)CH{PMe2(BH3)}]Li 12d and excess Me2SiCl2 in cold (0 °C) diethyl ether gives the chlorosilane (Me3Si)CH{PMe2(BH3)}(SiMe2Cl) (5) as moisture-sensitive colorless crystals in good yield, after crystallization from cold diethyl ether (Scheme 3). The identity of 5 was confirmed by 1 H, 13 C{ 1 H}, 11 B{ 1 H} and 31 P{ 1 H} NMR spectroscopy and X-ray crystallography (see supporting information).
Scheme 3
Treatment of 5 with [C5Me4H]Li in refluxing THF for 16 h gives the cyclopentadienyl-substituted phosphine-borane (Me3Si)CH{PMe2(BH3)}{SiMe2(C5Me4H)} (6) as a colorless, sticky solid (Scheme 3). The 1 H and 13 C{ 1 H} NMR spectra of 6 are again rather complex due to the presence of regioisomers and the diastereotopic nature of the SiMe2 and PMe2 groups. However, 6 may be crystallized from cold diethyl ether to give colorless blocks of a single regioisomer in moderate yield, in which the cyclopentadiene proton is adjacent to the silicon atom of the proligand (6'). The 1 H and 13 C{ 1 H} NMR spectra of 6' are consistent with this formulation, while the 11 B{ 1 H} and 31 P{ 1 H} NMR spectra of 6' consist of broad singlets at -15.4 and -0.5 ppm. Single crystals of 6' were studied by X-ray crystallography ( Figure 4) ; the structure of 6' is very similar to that of 1b, with which it is isoelectronic. In contrast to 1a-c, compound 6 undergoes rapid double deprotonation on treatment with two equivalents of PhCH2K to give the dipotassium salt [(Me3Si)C{PMe2(BH3)}-{SiMe2(C5Me4)}]K2(THF)0.5 (7) as a pale red foam. Colorless blocks of the alternative solvate [(Me3Si)C{PMe2(BH3)}-{SiMe2(C5Me4)}]K2(THF) (7.THF) were obtained by crystallization at room temperature from a 10:1 mixture of benzene and THF. The 11 B{ 1 H} and 31 P{ 1 H} NMR spectra of 7 consist of a broad doublet at -29.7 and a broad quartet at -7.5 ppm, respectively, with a 11 B-31 P coupling constant of 93.8 Hz. The large 11 B-31 P coupling constant is consistent with metalation of the central carbon; we have previously found that alpha-metalation of phosphine-boranes leads to an increase of between 30 and 50 Hz in the 11 B-31 P coupling constant compared to the neutral phosphine-borane precursor.
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Compound 7.THF crystallizes as a three-dimensional network material containing two distinct potassium environments ( Figure 5 ). K(1) is coordinated by an  5 -cyclopentadienyl group and an  2 -BH3 group of one ligand, generating a pseudofive-membered chelate ring, a molecule of THF, and an  2 -BH3 group from a second adjacent ligand, along with a short K…Me(P) contact; K(1) has no short contact with the carbanion center. In contrast, K(2) is coordinated by an  5 -cyclopentadienyl group of one ligand, the central carbanion C(1B) of a second ligand, and an  1 -BH3 group from the second ligand, along with two short K…Me(Si) contacts. Thus, each ligand bridges the two potassium ions via the cyclopentadienyl ring fragment, while the borane hydrogens bridge between symmetry equivalent K(1) ions and between K(1) and K(2).
The carbanion center C(1) has an essentially planar CSi2P skeleton [sum of angles about C(1) = 359.0°] and only one contact with a potassium ion. The closest approach on the "vacant" side of C (1) Comparison The 1 H and 13 C{ 1 H} NMR spectra of 8 are consistent with a lanthanum complex containing a dianionic hybrid alkyl/cyclopentadienyl ligand. This was confirmed by an X-ray crystallographic study of 8.THF (Figure 6 ). Compound 8.THF crystallizes as discrete molecules in which the lanthanum center is bound by the cyclopentadienyl group and the central carbanion of the dianionic ligand, generating a pseudo-four-membered chelate ring [C(12)-La(1)-ring centroid angle 94.14(7)°]. The coordination sphere of the lanthanum ion is completed by two molecules of THF and an iodide ligand, giving the lanthanum ion a distorted trigonal bipyramidal geometry. The La(1)-C(12) distance [2.710(3) Å] is at the longer end of the range of previously reported sigma bonds between lanthanum(III) and carbon, possibly due to the highly strained chelate ring in 8.THF. For example, the La-C distances in {(Me3Si)2CH}3La are 2.515(9) Å, 14 whereas the La-C distances in {2-(Me2N)C6H4CH2}3La are 2.635(3), 2.661(3) and 2.638(3) Å. 15 The La(1)-ring centroid distance [2.5080(14) Å] is typical of La-Cp* distances; for example, the La-ring centroid distances in [Cp*2La(-SPh)]2 are 2.525 and 2.560 Å. 16 In contrast to the potassium salts described above, the CSi3 skeleton of the ligand deviates significantly from planarity [sum of C-Si-C angles at C(12) = 342.48°].
CONCLUSIONS
While the series of sterically-demanding, silicon-substituted hybrid alkyl/cyclopentadienyl proligands 1a-1c is readily accessible, they undergo only single deprotonation of the cyclopentadiene ring on treatment with strong bases such as nBuLi or PhCH2K. Complete double deprotonation of these proligands (i.e. at the cyclopentadiene ring and the methine carbon) may only be achieved using an excess of highly reactive MeK. In contrast, the phosphine-borane-substituted proligand 6, which is isoelectronic and isosteric with 1b, undergoes double deprotonation on treatment with two equivalents of PhCH2K. In the solid state the dipotassium complexes 2b, 2c and 7.THF crystallize as extended polymers or three-dimensional networks, in which the hybrid alkyl/cyclopentadienyl ligands chelate one potassium center. The suitability of these dipotassium salts as reagents for the synthesis of novel lanthanide complexes has been established with the synthesis of a representative La(III) complex. We are currently further exploring these ligands as supporting scaffolds in lanthanide and main group chemistry.
EXPERIMENTAL SECTION
All manipulations were carried out using standard Schlenk or drybox techniques under an atmosphere of dry nitrogen or argon. THF, light petroleum (b.p. 40-60°C), diethyl ether, toluene, and n-hexane were dried prior to use by distillation under nitrogen from sodium, potassium, or sodium/potassium alloy, as appropriate; dichloromethane was distilled under nitrogen from CaH2. THF and CH2Cl2 and were stored over activated 4A molecular sieves; all other solvents were stored over a potassium film. Deuterated THF and C6D6 were distilled from potassium and CDCl3 was distilled from CaH2 under nitrogen; all NMR solvents were deoxygenated by three freeze-pump-thaw cycles and were stored over activated 4A molecular sieves. Benzylpotassium, 17 MeK,
C5H5SiMe3, 19 and (Me3Si)CH2{PMe2(BH3)} 12d were prepared by previously published procedures; n-butyllithium was purchased from Aldrich as a 2.5 M solution in hexanes. All other compounds were used as supplied by the manufacturer unless otherwise stated. 1 B chemical shifts are quoted in ppm relative to external 85% H3PO4 and BF3.Et2O, respectively. Due to the airand moisture-sensitive nature of the potassium and lanthanum derivatives and the oily nature of the precursors it was not possible to obtain elemental analyses to assess bulk purity and so the purity of all compounds has been established by multi-element NMR spectroscopy.
Preparation of (Me3Si)2CH{SiMe2(C5H5)} (1a): To a cold (-10 °C) solution of freshly cracked cyclopentadiene monomer (1.21 g, 18.29 mmol) in THF (20 mL) was added nBuLi (7.62 mL, 18.29 mmol). This mixture was stirred for 30 mins and then added, dropwise, to a cold (-10 °C) solution of (Me3Si)2CH(SiMe2Br) (5.44 g, 18.29 mmol) in THF (15 mL). The reaction mixture was allowed to stir for 30 mins and then heated under reflux for 16 h. Water (50 mL) was added and the product was extracted into diethyl ether (3 x 50 mL). The solvent was removed in vacuo from the combined organic extracts to give a yellow oil which was dissolved in light petroleum (50 mL) and dried over activated 4Å molecular sieves. The solution was filtered and the solvent was removed in vacuo from the filtrate to give 1a (mixture of regioisomers) as a yellow oil. Yield 3.58 g, 69%. Preparation of (Me3Si)2CH{SiMe2(C5Me4H)} (1b): To a cold (-10 °C) solution of C5Me4H2 (1.89 g, 15.47 mmol) in THF (20 mL) was added nBuLi (6.21 mL, 15.46 mmol). The reaction mixture was stirred for 30 min and the suspension was then added, dropwise, to a cold (-10 °C) solution of (Me3Si)2CH(SiMe2Br) (4.60 g, 15.47 mmol) in THF (20 mL). The reaction mixture was allowed to stir for 30 min and then heated under reflux for 16 h. Water (40 mL) was added and the product was extracted into diethyl ether (3 x 50 mL). The solvent was removed in vacuo from the combined organic extracts to give a yellow oil, which was dissolved in light petroleum (40 mL) and dried over activated 4Å molecular sieves. The solution was filtered and the solvent was removed in vacuo from the filtrate to give 1b as a mixture of regioisomers as a yellow oil. Yield 4.28 g, 82%. Crystals of a single regioisomer were grown from cold (-24 °C) light petroleum as large colorless plates suitable for X-ray crystallography. Yield of crystalline material 1.16 g, 27%.
1 H NMR of crystalline material (CDCl3, 23 °C): δ -0.23 (s, 1H, Si3CH), -0.08 (s, 6H, SiMe2), 0.16 (s, 18H, SiMe3), 1.80 (s, 6H, C5Me4), 1.94 (s, 6H, C5Me4), 3.00 (s, br, 1H, C5Me4H).
13 C{ 1 H} NMR of crystalline material (CDCl3, 24 °C): δ -0.31 (SiMe2), 2.57 (Si3C), 3.68 (SiMe3), 11.27 (C5Me4), 15.17 (C5Me4), 55.92 ((CMe)4CHSiMe3), 133.62, 135.93 (C5Me4).
Preparation of (Me3Si)2CH{SiMe2(C5H4-3-SiMe3)} (1c): To a cold (-10 °C) solution of C5H5SiMe3 (0.76 g, 5.48 mmol) in THF (15 mL) was added nBuLi (1.96 mL, 5.48 mmol). The reaction mixture was stirred for 30 mins and the yellow solution of Li[C5H4SiMe3] was then added, dropwise, to a solution of (Me3Si)2CH(SiMe2Br) (1.63 g, 5.48 mmol) in THF (30 mL). The reaction mixture was heated under reflux for 16 h. The cooled reaction mixture was added to water (50 mL) and the product was extracted into diethyl ether (3 x 30 mL). The combined organic extracts were dried over MgSO4 and filtered. The solvent was removed in vacuo from the filtrate to give a 1c as a yellow oil, as a mixture of regioisomers. Yield 1.26 g, 65%.
1 H NMR of the mixture of regioisomers (CDCl3, 24 °C): δ -0.54, -0.51 (s, Si3CH), -0.06, 0.07, 0.08, 0.13, 0.19, 0.28, 0.29 (s, SiMe3/SiMe2), 3.00, 6.51, 6.60, 6.61, 6.65, 6.67, 6.78 (m, C5H4).
Preparation of (Me3Si)CH{PMe2(BH3)}(SiMe2Cl) (5): To a cold (0 °C) solution of (Me3Si)CH2{PMe2(BH3)} (10.0 g, 62.8 mmol) in THF (15 mL) was added nBuLi (24.8 mL, 61.8 mmol). The reaction mixture was allowed to warm to room temperature and was stirred for 1 h. This solution was added, dropwise, to a solution of Me2SiCl2 (14.9 mL, 123.6 mmol) in THF (30 mL). The reaction was stirred for 2 h and then volatiles were removed in vacuo. The product was extracted into dichloromethane (40 mL), filtered and the solvent was removed in vacuo from the filtrate, giving 5 as a white solid. Yield 14.9 g, 93%.
Crystals suitable for X-ray crystallography were grown from cold (4 °C) diethyl ether. To a cold (-10 °C) solution of C5Me4H2 (2.58 g, 21.1 mmol) in THF (25 mL) was added nBuLi (7.20 mL, 17.9 mmol). The reaction mixture was stirred for 30 min and the resulting suspension was added, dropwise, to a cold (-10 °C) solution of 5 (4.15 g, 16.3 mmol) in THF (20 mL). The reaction mixture was allowed to stir for 30 min and then heated under reflux for 16 h. After cooling, the reaction mixture was added to water (50 mL) and the product was extracted into dichloromethane (3 x 50 mL). The solvent was removed from the combined extracts in vacuo to give a white solid, which was washed with a little light petroleum. The solid was dissolved in diethyl ether and dried over activated 4Å molecular sieves. Large crystals of a single regioisomer (6') suitable for X-ray crystallography were grown from cold (-24 To a slurry of LaI3(THF)4 (1.58 g, 1.95 mmol) in THF (10 ml) was added, dropwise, a solution of 2b (0.81 g, 1.95 mmol) in THF (15 ml) and this mixture was stirred for 5 h. The reaction mixture was filtered and the solvent was removed in vacuo from the filtrate to give a pale yellow foam, which was dissolved in toluene (ca. 10 ml) containing a few drops of THF. Colourless crystals of [(Me3Si)2C{SiMe2(C5Me4)}]-La(I)(THF)2 (8.THF) suitable for X-ray crystallography were grown from this solution at -24 °C. Yield 0.70 g, 47%. One molecule of coordinated THF was lost very readily when the crystals were placed under vacuum to give [(Me3Si)2C{SiMe2(C5Me4)}]La(I)(THF) (8) Crystal Structure Determinations of 1b, 2b, 2c, 5, 6', 7.THF and 8.THF: Data were collected at 150 K on an Oxford Diffraction (Agilent Technologies) Gemini A Ultra diffractometer using CuK radiation ( = 1.54178 Å), except for the structure of 2c which was collected using MoK radiation ( = 0.71073 Å). Cell parameters were refined from the observed positions of all strong reflections. Intensities were corrected semi-empirically for absorption, based on symmetry-equivalent and repeated reflections, except for 2b and 8.THF where intensities were corrected analytically based on a multifaceted model created by indexing the faces of the crystal for which data were collected. 20 The structures were solved by direct methods and refined on F 2 values for all unique data; Table S1 in the Supporting Information gives further details. All non-hydrogen atoms were refined anisotropically, and C-bound H atoms were positioned with idealized geometry, while Bbound H atoms were located using peaks in the Fourier difference map. The displacement parameters for all hydrogen atoms were constrained with a riding model; U(H) was set at an appropriate multiple of the Ueq value of the parent C atom. Oxford Diffraction CrysAlisPro was employed during data collection and processing, and structure solution (XT), refinement (XL), and molecular graphics (XP) were performed through the Olex2 interface. 
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